Loss mechanisms and back surface field effect in photon enhanced thermionic emission converters
Negative space charge effects in photon-enhanced thermionic emission solar converters In thermionic energy converters, electrons in the gap between electrodes form a negative space charge and inhibit the emission of additional electrons, causing a significant reduction in conversion efficiency. However, in Photon Enhanced Thermionic Emission (PETE) solar energy converters, electrons that are reflected by the electric field in the gap return to the cathode with energy above the conduction band minimum. These electrons first occupy the conduction band from which they can be reemitted. This form of electron recycling makes PETE converters less susceptible to negative space charge loss. While the negative space charge effect was studied extensively in thermionic converters, modeling its effect in PETE converters does not account for important issues such as this form of electron recycling, nor the cathode thermal energy balance. Here, we investigate the space charge effect in PETE solar converters accounting for electron recycling, with full coupling of the cathode and gap models, and addressing conservation of both electric and thermal energy. The analysis shows that the negative space charge loss is lower than previously reported, allowing somewhat larger gaps compared to previous predictions. For a converter with a specific gap, there is an optimal solar flux concentration. The optimal solar flux concentration, the cathode temperature, and the efficiency all increase with smaller gaps. For example, for a gap of 3 lm the maximum efficiency is 38% and the optimal flux concentration is 628, while for a gap of 5 lm the maximum efficiency is 31% and optimal flux concentration is 163. Thermionic emission was studied extensively in the 1970s as means to convert heat directly to electricity. The conversion process is based on emission of electrons from the surface of a high temperature cathode, and their subsequent collection in a lower temperature anode, separated by a vacuum or low pressure gap. 1 Positive output voltage and output power are achieved by appropriate selection of the work functions of both surfaces. However, such converters require cathode temperatures significantly above 1000 C, and even at these high temperatures, their conversion efficiency is below 20%, and therefore, they are not widely implemented.
In Photon Enhanced Thermionic Emission (PETE) converters, the cathode is made of a semiconductor material and is illuminated with above band gap photons, for example, from concentrated sunlight. 2 Optical generation of conduction band electrons increases the cathode's conduction band electron concentration and raises the conduction band quasiFermi level.
As a result, the effective barrier for electron emission is reduced, allowing electron emission at temperatures considerably lower than in standard thermionic emission. The excess photon energy above the band gap is passed to the lattice through thermalization, leading to increased cathode temperature and higher efficiency. 3 Therefore, some of the heat generated by thermalization is converted to electrical power. The energy of sub-bandgap photons can also contribute to increase the temperature and the conversion efficiency, if the cathode contains an IR coupling element that absorbs them. The thermal contribution to the conversion process raises the PETE efficiency above the Shockley Queisser limit for single junction solar cells, theoretically reaching around 50%. 2, 4 Waste heat removed from the anode can drive a secondary heat-to-electricity converter stage, theoretically approaching overall efficiency of 70% under concentration of 1000 sun. 5 The electrons emitted from the cathode of a thermionic converter require a finite time to reach the anode, and therefore a negatively charged electron cloud forms in the interelectrode space. This negative space charge produces an added potential barrier that impedes the emitted electrons from reaching the anode. The loss inflicted by the negative space charge was shown to be quite high in thermionic converters. 6 Reducing the gap between the electrodes diminishes the negative space charge and with it the negative space charge loss. However, for gaps below 1 lm, near field radiation forms a thermal shunt between the two electrodes, once again reducing the converter efficiency. 7 Another approach to reduce the negative space charge loss is to introduce positive charges in the gap, which cancel the effect of the negative charge. Filling the gap with low pressure cesium vapor forms such positively charged plasma in the gap. 1 Denser plasma can be formed by optically exciting the cesium, lowering its effective ionization potential, and canceling the negative space charge more effectively. 8 Methane also reduces a)
Author to whom correspondence should be addressed. the negative space charge loss in a similar manner, and introduces molecular charge transport as well. 9 Incorporation of a positively charged grid between the two electrodes to accelerate the emitted electrons can also reduce negative space charge loss. 10 Using negative electron affinity cathodes is also beneficial, as the emitted electrons leave the cathode with energy higher than the vacuum level at the surface, and are better equipped to overcome the negative space charge energy barrier. 11 The current study refers to the simplest converter configuration with just vacuum in the gap between the two electrodes. The theory presented here can be further expanded in the future, to account for additional effects that modify charge transport in the gap.
In PETE devices, electrons that are reflected by the electric field in the gap return to the cathode with an energy which is at least the vacuum level at the cathode emitting surface. As a result, once reabsorbed in the cathode, these electrons will first populate the conduction band from which they can be reemitted or recombined. This form of electron recycling was shown to have a significant effect on the performance of ideal PETE converters where negative space charge effects are not considered. It shifts the maximum power point voltage to voltages above the difference in the electrodes work functions, it allows the efficiency to increase monotonically with temperature, and it makes lower cathode electron affinities more favorable. 3 A recently published analysis of negative space charge effect in PETE converters 12 presented the basic theory, but failed to consider the dependence of the cathode conduction band electron concentration on the operating voltage, which is essential in order to account for the electron recycling mechanism. Therefore, the coupling of the cathode model to the negative space charge model was incomplete, with a missing feedback connection from the negative space charge to the cathode. In this work, we present a more complete model that accounts for this missing effect to provide full two-way coupling of the cathode and negative space charge models, and considers conservation of both electric and thermal energy.
In order to fully account for the variation of the conduction electrons concentration with the operating voltage, which represents the electron recycling mechanism due to negative space charge, the cathode particle balance and the negative space charge models must be coupled. The cathode particle balance 2,3 allows calculating the cathode electrons concentration and emission current as a function of the materials properties (cathode doping, band gap, electron affinity, and anode work function), operating conditions (flux concentration and temperature), and the potential barrier between the electrodes. The negative space charge model as described in Refs. 1 and 6 yields the potential barrier imposed by the negative space charge for a given set of operating conditions, emission current, and material properties. The two models are coupled by assuming current and field continuity, i.e., that all the electrons emitted from the cathode surface enter the gap and that there are no trapped charges at this surface. Coupling the two models' equation sets is done by passing the potential barrier caused by the negative space charge to the particle balance, and the emission current, which is the result of the particle balance, back to the negative space charge model. Repeating this procedure at every operating voltage allows calculating complete current voltage curves accounting for both mechanisms. The coupling of the two models can be done with simple nonlinear equation solver. For convenience, a detailed description of the models and an example for a coupling method using an iterative numerical procedure can be found in the supplementary material. 13 Once the current voltage curve is found, the corresponding conversion efficiency, g, follows: g ¼ J mpp Á V mpp =P in , where J mpp is the maximum power point net current density, V mpp is the maximum power point voltage, and P in is the incident solar power flux. The following parameters were used in all the results reported below unless stated otherwise. The cathode is a doped p-type semiconductor with acceptors concentration of 10 19 cm À3 and a bandgap of 1.4 eV. 2 The electron and hole effective masses are m e and 0.57 m e , respectively, where m e is the free electron mass.
14 The anode temperature is 500 K and its work function is 0.9 eV. 15 The cathode is assumed to be ideal in the sense that all incident photons with above band gap energy are absorbed and there are no potential drops within the cathode. Only radiative recombination is considered; the possible impact of surface and Shockley-Reed-Hall (SRH) recombination is discussed below and in the supplementary material. 13 The incident radiation is the AM1.5D spectrum multiplied by the flux concentration and added to the diffuse spectrum. Near field radiative heat transfer between the electrodes was not considered. However, this mechanism is negligible for gaps above 1 lm.
7 Unless stated otherwise, the cathode temperature is 760 K. The photo-enhancement of electron emission leads to the assumed condition where the cathode emission current is significantly higher than the anode reverse emission even at this relatively low cathode temperature. The PETE device operates in the PETE regime in the entire range of cathode temperatures, i.e., the emission current is mostly determined by the incident photons concentration rather than the cathode temperature. Figure 1 shows current-voltage curves for PETE devices influenced by negative space charge for two gap widths of 2 lm and 5 lm, compared to the same results using the no and a band gap of 1.4 eV. The electron and hole effective masses are m e and 0.57 m e , respectively. The anode temperature is 500 K, and its work function is 0.9 eV. Also shown is the current voltage curve calculated with the no electron recycling model using its optimal electron affinity, v opt ¼ 0.68 eV, for this set of operating conditions. electron recycling model. 12 The flux concentration is 1000, and the cathode electron affinity is 0.4 eV. The maximum power points are marked with stars and are all within the space charge limited range. The efficiencies calculated with the electron recycling model are 24.7% and 8.1% for gap widths of 2 lm and 5 lm. The efficiencies calculated with the no electron recycling model are 13.4% and 3.8% for gap widths of 2 lm and 5 lm. Comparing to the no electron recycling model, the present model predicts a more gradual decrease in current with increasing voltage. This leads to a significant difference in the location of the maximum power point and in the efficiency predicted by the two models. This is similar to the results of a previous comparison between the two models, where negative space charge effects were absent. 3 The mechanism behind this difference is that emitted electrons that are reflected by the negative space charge electric field are reabsorbed and thermalized in the cathode. This increases the conduction band population, and significantly increases the emitted current in the crucial operation region that contains the maximum power point of the converter. As a result, the decrease of current and power output with voltage is less severe than the prediction of the no electron recycling model, and the maximum power and efficiency are higher.
When negative space charge effects are not considered, the efficiency calculated with the electron recycling and no electron recycling models converge at the optimal electron affinity predicted by the no electron recycling model. 3 At this optimal affinity value, the maximum power point voltage in the electron recycling model is exactly the difference in work functions and the two models predict the same efficiency. However, in the presence of negative space charge, the maximum power point is lower than the difference in work functions, and the no electron recycling model efficiency prediction is lower. Figure 1 also shows the current voltage curve calculated with the no electron recycling model with an electron affinity of 0.68 which is the optimal electron affinity, v opt , for these operating conditions. The efficiency in this case is 19.8%, compared to about 24% for the electron recycling model, which is nearly constant for electron affinity in the range of 0-0.7 eV. Figure 2 shows the efficiency as a function of the interelectrodes spacing and the cathode electron affinity. As discussed above, the efficiency decreases significantly when the inter-electrodes spacing increases. The efficiency is nearly independent of the electron affinity up to 0.65 eV, in contrast to the no electron recycling model 12 that predicts an optimum value of the electron affinity for every cathode temperature. For electron affinity above 0.65 eV, the efficiency decreases rapidly. Efficiencies above 20% can be achieved with spacing of up to 2 lm and electron affinity below 0.7 eV, and reducing the gap to 1 lm yields an efficiency of about 30%. This efficiency is lower than the maximum efficiencies reported in Refs. 2 and 3 because of the moderate cathode temperature used in this example. Figure 3 shows the efficiency as a function of the solar flux concentration and the inter-electrode spacing. For high concentration, the current density is high leading to significant negative space charge effect, requiring a very small gap below 2 lm to achieve high efficiency close to 30%. For lower concentration, the current density and the negative space charge effect are smaller, allowing high efficiency at larger spacing. increases with the cathode temperature for all interelectrodes spacings. Since the device operates in the PETE regime for the entire temperature range presented, the cathode saturation current is determined by the photo-generation rate and hardly changes with the cathode temperature. 16 Hence, the added barrier due to negative space charge does not increase with temperature, and the efficiency can increase with temperature. These results are again in contrast to the no electron recycling model, 12 which predicts an optimal temperature for each gap size. It should be noted that the transition temperature between the PETE regime and thermionic regimes is very sensitive to the cathode contact properties. In this work, we assume a perfectly selective cathode contact. As a result, the transition from the PETE to the thermionic regime is at temperatures above the shown range. Nonideal contacts as discussed in Refs. 16 and 17 will lead to a regime transition at lower temperatures. As a result, higher current densities will occur at lower temperatures, leading to higher negative space charge loss.
The cathode temperature is not an independent variable, but rather it is determined by the flux concentration according to the energy balance of the cathode, as described in the supplementary material. 13 Increasing the concentration increases the temperature, leading to conflicting effects on the conversion efficiency, as discussed above. Therefore, an optimal concentration may exist. Figure 5 shows the efficiency and cathode temperature as a function of the concentration for several values of inter-electrodes spacing, subject to the energy balance that determines the cathode temperature. For a gap of 1 lm, negative space charge has little effect on the device performance, and the efficiency and temperature converge to the results of Ref. 3 that do not account for negative space charge. The efficiency in this case reaches nearly 45% at flux concentration of 1000, and the cathode temperature is 1405 K. For larger gaps, the negative space charge effect is more significant, and its impact is visible at the higher concentrations where the current density and the negative space charge barrier are higher. This leads to an optimal flux concentration, above which the negative space charge loss dominates and the efficiency decreases. As the gap width increases, the negative space charge effect is stronger, and the optimal concentration and the maximum efficiency both diminish. For example, for gaps of 3 lm, 5 lm, and 10 lm, the peak efficiencies occur at concentrations of 600, 170, and 25, respectively. The corresponding efficiencies are 0.38, 0.31, and 0.24, respectively. A side effect of the reduction in emitted current due to negative space charge is an increase in cathode temperature, since less power leaves the cathode with emitted electrons. The inset in Figure 5 shows this effect under high concentration as a temperature rise with higher interelectrode spacing.
Surface recombination at the emitting surface was shown to have a drastic effect on the PETE conversion efficiency. [18] [19] [20] Since this work is concerned with the performance of ideal PETE cathodes, recombination mechanisms that originate from defect states such as surface and SRH recombination were not considered. It should be noted that since the model is based on a net particle balance, it cannot discriminate between recombination at the cathode bulk vs. the emitting surface. In order to analyze the impact of these effects, it is possible to assign both SRH and surface recombination an effective recombination velocity. However, this added recombination will not only reduce the number of electrons that can be recycled, i.e., reemit to the vacuum after being reflected by the space charge, but will also reduce the emission current at voltages below the saturation voltage. For this reason, the model without electron recycling (constant electron concentration 12 ) describes a non-trivial form of electron capture, which is not simple surface recombination. A detailed discussion of the surface and SRH recombination effects can be found in the supplementary material. 13 The current model with a more complete coupling of the cathode and gap models shows that the efficiency increases monotonically with increasing temperature and declining cathode electron affinity, unlike the prediction of previous models. The model predicts an optimal flux concentration for each inter-electrode spacing width. For gaps below 2 lm, the negative space charge effect is small for flux concentration as high as 1000. However, for large gaps, the optimal flux concentration and the highest achievable efficiency decline dramatically. Therefore, the technological ability to produce closely spaced electrodes may determine the choice of optics and other system elements. For example, if technical limitations lead to a practical gap width of 10 lm, this defines an optimal flux concentration of only 25, and a simple linear solar concentrator with single axis tracking will suffice. Obviously, this model does not consider the other methods described above for reducing the negative space charge loss, which may allow larger gaps without limiting the concentration. The cathode is subject to and energy balance and is operating at the maximum power point. The inset shows the corresponding cathode temperature. All converter parameters are as in Figure 1 . 
